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Abstract. We present results for neutrino emissivities and bulk viscosities of a two-flavor color 
superconducting quark matter phase with isotropic color-spin-locked (iso-CSL) single-flavor pairing 
which fulfill the constraints on quark matter derived from cooling and rotational evolution of 
compact stars. We compare with results for the phenomenologically successful, but yet heuristic 
2SCH-X phase. 
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INTRODUCTION 

Recently, astrophysical observational programmes monitoring compact stars (CS) have 
provided new, high-quality data for the static properties as well as the thermal and 
spin evolution which put tight constraints on the equation of state (EoS) and transport 
properties of dense matter in CS interiors Jill. In particular, circumstantial evidence for 
large masses and radii of compact stars M< S] suggests that the EoS at high densities 
must be rather stiff, possibly excluding quark matter interiors. In this debate, it has been 
demonstrated that modern EoS for quark matter allow for extended quark matter cores 
of CS while satisfying mass and radius constraints flSSJvl]. The resulting stiff hybrid 
star EoS suffers, however, from the masquerade problem Jsl]: the corresponding hybrid 
stars appear to have almost identical static properties when compared with pure neutron 
stars. 

A diagnostic tool more sensible than the EoS are the thermal and transport properties 
of dense matter which determine, e.g., the cooling and spin evolution of CS. If quark 
matter occurs in CS interiors we expect it to be in a color superconducting state which 
entails a dramatic dependence on the pairing pattern and the sizes of pairing gaps. In 
this contribution, we will focus on the discussion of direct Urea neutrino emissivities 
and bulk viscosities of color superconducting quark matter. 

The numerical analysis is based on a Nambu-Jona-Lasinio (NIL) type model, al- 
lowing a consistent determination of the density and temperature dependence of quark 
masses, pairing gaps and chemical potentials under neutron star constraints. The re- 
sulting phase diagram suggests that three-flavor phases of the CFL-type occur only at 
rather high densities ^ [ifl] and render hybrid star configurations gravitationally un- 
stable [11, 5]. Moreover, due to large pairing gaps in CFL quark matter, the r-mode 
instabilities cannot be damped [12.1 and cooling is inhibited [il3i1 . 



Therefore, we will focus on two-flavor color superconducting phases in compact stars, 
the 2SC+X phase [14], for which a detailed investigation of the cooling phenomenology 
for hybrid stars has already been worked out [Tsi 3], and the iso-CSL phase I^TtL UM 
for which a consistent microscopic calculation of the direct Urea emissivity and the bulk 
viscosity will be presented here for the first time [19]. This will form the basis of further 
phenomenological applications in CS physics. 



QUARK MATTER IN THE ISO-CSL PHASE 



Single-flavor spin-one pairing channels have been investigated before, e.g., in HUE 
We consider the iso-CSL phase [[itI . [18|] for which in the pairing gap matrix 
A = A(73A2 -t- 72 As + 7i A7) the three antisymmetric color matrices (A2, A5, A7) are locked 
to the three spin matrices (73,72,71). The two flavor channels are decoupled and the 
thermodynamical potential is therefore 



f=u,d 

where the contribution of a single flavor in mean field approximation is given by 



(1) 
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The most important feature of the energy spectrum is that the dispersion relations of all 
modes Ef^r have nonvanishing gaps and the lowest excitation energy is of ^(1 MeV), 
as required from cooling phenomenology. Without a microscopic basis, such a mode 
spectrum has been postulated within the 2SC-I-X phase lll4ll . In the following we compare 
results for direct Urea neutrino emissivities and bulk viscosities of these two phases, 
using the parameter set for constituent quark mass M{p = 0) = 380 MeV from Ref. 



Neutrino emissivity 



Following Iwamotos seminal paper [|24l1 where the direct Urea emissivity of quark 
matter, 

^0 = t:^(^sGI llel^ul^d , (3) 
oiU 

has first been derived, there have been a number of calculations, in particular for color 
superconducting phases. From the most recent ones beyond the exponential suppression 



ansatz, we refer to 11251 1261.12711. However, none of these is useable for cooling simula- 
tions because they have either ungapped modes which result in too fast cooling or the 
pairing pattern is not microscopically founded. Nevertheless, in deriving the neutrino 
emissivities for the 2SC-I-X and the iso-CSL phase we follow the strategy of these Refs. 
with the result 



CUrca = Co G3 ( A;, , A J ) , 



(4) 



where we introduced the function 
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with 

ei,e^±-'0 Jo 



characterising the influence of the superconducting gaps on the corresponding emissiv- 
ity. For the iso-CSL phase, the coefficients ciu.r and a^^r for r = 1 , 3, 5 are defined in Ref. 



[|l7ll and the gaps, obtained from the minimization of ([T]) fulfill in general A„ 7^ A^. In the 
2SC+X phase A„ = A^ = A and ay 1 = 3 = 1, ay 5 = (Ax/A)^ for f = u,d. The density 
dependent X-gap A^ was introduced in Ref. [14] for the first time to appropriately fit the 



cooling data of CS. Here we use the parametrization denoted as model IV in Ref. u5\\ . 
where Ax has been investigated more detailed to fulfill constraints from recent cooling 
phenomenology. The influence of the temperature dependence is taken into account by 



A(r)=Aoy'i-(r/r,)^ (7) 

where one can find values for /3 between 1-3.2 in the literature. In the following calcu- 
lations we have used /3 = 1 . In Figure \T\ we show the emissivities for the microscopic 




FIGURE 1. Neutrino emissivities due to direct Urea processes in the 2SC+X phase (left) and in the 
iso-CSL phase (right). 

iso-CSL phase (right panel) in comparison with the purely phenomenological 2SC-I-X 



phase (left panel) as a function of temperature for different chemical potentials. For both 
phases a similar suppression of the emissivity is obtained. Hence the iso-CSL phase is 
probably able to explain recent cooling data in a more consistent way supporting the idea 
of superconducting phases in quark stars as explanation for observed fast CS cooling. 



Bulk viscosity 



According to f2§], in the absence of viscosity all rotating CS would become unstable 
against r- modes [29]. Therefore, from the observation of millisecond pulsars, one can 
derive constraints for the composition of CS interiors lll2l . l30l1 . For such an investigation, 
the bulk viscosity is a key quantity and we want to consider it for the two-flavor color 
superconducting phases introduced above, following the approach described in Ref. 



Note that the 2SC phase considered in [32] and in the contribution to this volume 
[|33i| is a three-flavor phase, where the nonleptonic process u + d ^ u + s provides the 
dominant contribution. Due to absence of strange quarks in the 2SC phase of the present 
paper, this process does not occur. 

The bulk viscosity at all temperatures is determined by 



CO^ + {?iB/n) 



(8) 



with Q = C + C and the coefficients functions 



B ~ —n 



C = 
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The relevant processes for the bulk viscosity in two-flavor quark matter are the flavor 
changing weak processes of electron capture and beta decay, with a direct relation to the 
direct Urea emissivity 



X 
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The numerical results for the NJL model in selfconsistent meanfield approximation 
are displayed in Fig. [2] for the 2SC-I-X phase (left panel) and the iso-CSL phase (right 
panel) in striking similarity. Note that in comparison with Ref. 113 ill the peak value of 
the viscosity is also located at T = 1 ~ 2 MeV, but up to three orders of magnitude 
higher! Since the normal quark matter results coincide, this must be a result of the 
selfconsistent treatment of masses, gaps and composition (chemical potentials) in the 
present models. In particular the strongly density dependent X-gap is rapidly decreasing 
with increasing density as one can see by the dramatic change for the bulk viscosity at 
low quark chemical potentials. 
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FIGURE 2. Temperature dependence of bulk viscosities in the 2SC+X phase (left) and in the iso-CSL 
phase (right) for a frequency of o = 1 kHz, typical for excitations of r-modes in millisecond pulsars. 

CONCLUSION 

Transport properties in dense quark matter depend sensitively on the color superconduc- 
tivity pairing patterns and provide thus a tool for unmasking the CS interiors by their 
cooling and rotational evolution characteristics. On the example of neutrino emissivi- 
ties and bulk viscosities for the 2SC+X and the iso-CSL phase we have demonstrated 
that both two-flavor color superconducting phases fulfill constraints from the CS phe- 
nomenology. For the 2SC-I-X phase with yet heuristic assumptions for the X-gap the 
hybrid star configurations and their cooling evolution have been numerically evaluated 
in accordance with observational data. The temperature and density behavior of the neu- 
trino emissivity in the microscopically well-founded iso-CSL phase appear rather similar 
so that we expect a good agreement with CS cooling data too. The bulk viscosities for 
both phases have been presented here for the first time and provide sufficient damping of 
r-mode instabilities to comply with the phenomenology of rapidly spinning CS. We con- 
clude that the subtle interplay between suppression of the direct Urea cooling process on 
the one hand and sufficiently large bulk viscosity puts severe constraints on microscopic 
approaches to quark matter in compact stars. 
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